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et al., 1995; Rajewsky, 1996). After an unknown number
of cell divisions, the large pre-B cells stop cycling and
become small pre-B cells in which the RAGs are reex-
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from the successful rearrangements then associate withChiba 278-0022
H chains to form IgM on the surface of what are thenJapan
called B cells. The process by which pro-B cells trans-
form into small pre-B cells is designated the pre-B cell
transition.Summary
Analysis of mice deficient in components of the pre-
BCR has revealed that formation of this complex is es-The pre-B cell receptor triggers expansion and differ-
sential for the pre-B cell transition and for the furtherentiation of pre-B cells (the pre-B cell transition), as
development of B cells, although occasionally prema-well as inhibition of VH to DJH recombination (allelic
ture expression of the L chain in pro-B cells can substi-exclusion). The latter also accounts for counter-selec-
tute for the function of the SL chains and permit “leaky”tion of pro-B cells expressing D protein (D selec-
B cell development in SL chain-deficient mice (Kitamuration). However, the signaling pathways responsible for
et al., 1991, 1992; Shimizu et al., 2002; Torres et al.,these events remain poorly defined. Here we show
1996; Gong and Nussenzweig, 1996; Pelanda et al.,complete arrest of B cell development at the pre-B
1996, 2002; Papavasiliou et al., 1996). The cytoplasmiccell transition in BASH/CD19 double mutant mice, indi-
portion of either Ig- or Ig-, together with the im-cating partial redundancy of the two B cell-specific
munoreceptor tyrosine-based activation motifs (ITAMs)adaptors. Allelic exclusion remained intact in the dou-
therein, are essential for the pre-B cell transition, indicat-ble mutant mice, whereas D selection was abolished
ing a crucial role for signaling from the pre-BCR (Papa-in BASH mutant mice. Thus, distinct signals are re-
vasiliou et al., 1995a, 1995b; Reichlin et al., 2001; Krausquired for these events. In addition, both mutant mice
et al., 2001). In humans, mutations in the H, 5, andsuccumbed to pre-B cell leukemia, indicating that
Ig- chains have been reported to result in develop-BASH and CD19 contribute to tumor suppression.
mental arrest at the pre-B cell transition, and in B cell
immunodeficiency (reviewed in Conley, 2000).Introduction
Although B lineage cells can undergo VHDHJH re-
arrangement at both IgH loci, only one of the IgH allelesMouse B lymphocytes develop from hematopoietic
is expressed by the B cell (IgH allelic exclusion), andstem cells in the bone marrow during postnatal life. B
this may contribute to their antigenic specificity. If thecell development is characterized by the ordered re-
two alleles were rearranged independently, approxi-arrangement of immunoglobulin (Ig) variable region
mately 14% of H cells should theoretically harborgenes composed of multiple variable (VH), diversity (DH), both productive VHDHJH rearrangements, taking into ac-and joining (JH) gene segments, and sequential expres- count the frequency of productive VH to DHJH joints (1/3)sion of various cell surface molecules (Alt et al., 1984;
and of stop codons in the DH segments (Loffert et al.,Hardy et al., 1991; Ehlich et al., 1994; Rajewsky, 1996;
1996). In reality, very few B cells of the normal mice
Karasuyama et al., 1996). Upon expression of the re-
express H chains derived from both IgH alleles (Kita-
combination activating genes RAG1 and RAG2, B220
mura and Rajewsky, 1992; Kitamura et al., 1992; Loffert
(CD45R), CD43 B cell progenitors (pro-B cells) first et al., 1996; Barreto and Cumano, 2000). In addition, a
combine a DH to a JH gene segment at each of the Ig significant fraction of B cells carry a DHJH rearrangedheavy chain (IgH) loci on the two chromosomes. They allele. Therefore rearrangement of the two alleles must
then combine VH gene segments to the DHJH composites. be regulated to prohibit the generation of more than one
If the rearranged VHDHJH composite is productive, a productive VHDHJH allele per cell. It has been proposed
membrane form of H chain (m) is expressed, and the that the m chain expressed from a productive allele
cells are then called precursor B (pre-B) cells. The m inhibits further VH to DHJH recombination (Alt et al., 1984).
is combined with preexisting surrogate light (SL) chains, This idea is supported by the finding that the intro-
5 and VpreB, and Ig-/Ig- (CD79a/b) heterodimer, to duction of an exogenous m chain inhibits the re-
form a complex known as the pre-B cell receptor (pre- arrangement of endogenous IgH loci when expressed
BCR). The expression of the pre-BCR triggers drastic in transformed B cell precursors (Reth et al., 1987), or
changes of cell phenotype including downregulation of in IgH transgenic mice (Nussenzweig et al., 1987; Manz
CD43, upregulation of CD25 and CD2, induction of cell et al., 1988). Conversely, targeted disruption of a mem-
cycling, and downregulation of RAG1 and RAG2. This brane exon of the H gene results in defective allelic
in turn leads to the formation of a subpopulation of large exclusion (Kitamura and Rajewsky, 1992). The inhibition
of endogenous rearrangement by the transgenic m
chain is dependent on its ability to associate with Ig-*Correspondence: kitamura@rs.noda.tus.ac.jp
1These authors contributed equally to this work. /Ig- (Papavasiliou et al., 1995a, 1995b), and on the
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presence of Ig (Gong and Nussenzweig, 1996), indicat- the mouse system. In contrast, Syk was shown to be
ing that the Ig-/Ig- transmits the inhibitory signal. Pe- essential for B cell development (Cheng et al., 1995;
ripheral or bone marrow B cells of SL chain-deficient Turner et al., 1995). As for the downstream molecules,
mice express the H chain derived from only one allele, active Ras and Raf kinase function to promote B cell
as do those of wild-type mice, so casting doubt on the development (Iritani et al., 1997, 1999; Shaw et al., 1999).
requirement for SL chains for establishing IgH allelic Little is known of the signaling molecules required for
exclusion (Kitamura et al., 1992; Loffert et al., 1996; IgH allelic exclusion and D selection, except that Syk-
Shimizu et al., 2002). However, the pre-B cell transition deficient mice are deficient in D selection (Cheng et
may have been rescued in those B cells by premature al., 1995).
L chain expression, and the L chain may then have Complete arrest of B cell development at the pro-B
substituted for the SL chains in signaling allelic exclu- cell stage was observed in mice lacking the transcription
sion. Thus, the requirement for SL chains for establishing factor Pax5 (BSAP), and development was not restored
allelic exclusion remains controversial (Loffert et al., by transgenic expression of m or chimeric m-Ig
1996; ten Boekel et al., 1998). transgenes, suggesting defects in some signaling mole-
Before IgH gene rearrangement is completed, a prod- cule(s) (Thevenin et al., 1998). Expression of CD19 was
uct (D protein) translated from the DHJH gene re- completely lost in the Pax5-deficient mice (Nutt et al.,
arranged in a particular DH reading frame (reading frame 1998). CD19 is a B cell-specific surface protein that
[RF] 2 in the nomenclature of Ichihara et al., 1989) can serves as a costimulatory molecule for BCR. CD19 inter-
be expressed in the pro-B cells (Reth and Alt, 1984). acts with some of the BCR signaling molecules through
The D protein associates with SL chains, Ig and Ig, its phosphorylated cytoplasmic tail, indicating its adap-
and is capable of transmitting a signal similar to a m- tor function (Tedder et al., 1997). In CD19-deficient mice,
containing pre-BCR (Tsubata et al., 1991; Horne et al., however, B cell development in the bone marrow was
1996). The underrepresentation of the DH RF2 in VHDHJH essentially normal (Rickert et al., 1995; Engel et al.,
or DHJH joints in mouse pre-B or B cells, despite random 1995). Therefore, lack of CD19 expression cannot alone
addition/deletion of nucleotides at the DH-JH boundary, account for the developmental arrest in Pax5-deficient
has been taken to imply that D blocks further B cell mice. Other signaling molecules such as Syk and Btk
development. This phenomenon is called D selection were expressed normally in the Pax5-deficient pro-B
and has been shown to require the membrane-associ- cells (Nutt et al., 1998). Very recently, it has been shown
ated form of D protein, as well as 5 and Ig (Gu et that BASH is another direct target of Pax5; its expression
al., 1991; Ehlich et al., 1994; Haasner et al., 1994; Loffert is completely lost in the Pax5-deficient pro-B cells
et al., 1996; Gong et al., 1996). This similarity to pre- (Schebesta et al., 2002). However, developmental arrest
BCR requirements for allelic exclusion has led to the was incomplete in BASH-deficient mice. Therefore, we
hypothesis that the D complex signals inhibition of considered that CD19 and BASH might be partially re-
the VH to DHJH rearrangement, thereby blocking further dundant for the pre-B cell transition, and that the ab-
differentiation of D-expressing pro-B cells; this idea sence of both molecules could be responsible for the
is supported by the analyses of D-transgenic mice complete developmental arrest in the Pax5-deficient
(Tornberg et al., 1998; Malynn et al., 2002). mice. To test this possibility we have generated mice
The signal transduction pathways from the pre-BCR deficient in both CD19 and BASH. We show that B cell
or D complexes have not been studied intensively development is completely arrested in these double mu-
partly due to the rarity of the B cell precursors express- tants. In addition, we have found that neither CD19 nor
ing such receptors. Analyses of pre-B cell lines have BASH is necessary for IgH allelic exclusion, whereas
revealed that pre-BCR crosslinking induces tyrosine BASH is essential for D selection.
phosphorylation, lipid raft association, and activation
of signaling molecules known to be involved in BCR
Resultssignaling, including tyrosine kinases Syk and Btk, phos-
pholipase C (PLC) 2, and the B cell-specific adaptor
Complete Arrest of B Cell DevelopmentBASH (also known as BLNK and SLP-65) (Guo et al.,
in BASH/CD19 Double Mutant Mice2000). In the BCR signaling pathways, BASH is phos-
Since our former chimeric mice (Hayashi et al., 2000)phorylated by Syk, associates with signaling proteins
had not transmitted an ES cell-derived genome intosuch as PLC2, Grb2, Syk, and Btk, and mediates Btk
germline, we generated new BASH gene-targeted ESactivation of PLC2 (Fu et al., 1998; Wienands et al.,
cell lines originated from C57BL/6 (B6) mice, and finally1998; Goitsuka et al., 1998; Hashimoto, et al., 1999). Thus
obtained heterozygous (/) and homozygous (/)BASH is necessary for BCR-mediated calcium signaling,
BASH mutant mice with B6 background. We could de-and the activation of mitogen-activated protein kinases
tect neither BASH mRNA (see Supplemental Figure S1and NF-B (Ishiai et al., 1999; Tan et al., 2001). Mutations
at http://www.immunity.com/cgi/content/full/18/6/825/in Btk and BLNK(BASH) have been identified in B cell-
DC1) nor protein (not shown) in splenic cells from thedeficient patients displaying complete arrest of B cell
BASH–/– mice. BASH mutant mice were crossed withdevelopment at the pre-B cell transition (Minegishi et
CD19-deficient mice (Rickert et al., 1995) to generateal., 1999; Conley, 2000). In mice, however, targeted dis-
BASH/CD19 double mutant mice. Lymphocyte develop-ruption of these genes individually resulted in only mild
ment in BASH/ CD19/ (double mutant) mice, as wellor partial impairment of the pre-B cell transition (Khan
as in wild-type and BASH/ CD19/ (single mutant,et al., 1995; Jumaa et al., 1999; Pappu et al., 1999; Ha-
BASH) mice, was examined by flow cytometry. The dou-yashi et al., 2000; Xu et al., 2000), suggesting that there
is functional redundancy of the signaling molecules in ble mutant mice had normal numbers of thymocytes
Distinct Signals for D and Pre-BCR Functions
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Figure 1. Complete Arrest of B Cell Development in BASH/CD19 Double Mutant Mice
Representative flow cytometric analyses of cells from spleen (A) or bone marrow (B and D) of the indicated mice (6–8 weeks old). Cell surface
antigens stained by antibodies are indicated. The number at each window indicates the percentage of the total cells within the lymphocyte
gate. (C) Actual numbers (mean 	 SD) of the bone marrow cells at each developmental stage as defined by the expression of the indicated
antigens. The numbers were calculated based on the percentages of the cells in the corresponding windows (B), those in the lymphocyte
gates of total cells and the total numbers of nucleated cells, from cumulative data using BASH/CD19/ (wild-type, n 
 3), BASH/CD19/
(BASH/, n 
 5) or BASH/CD19/ (n 
 4) mice. (D) Cells were stained for B220, H, and either IL-7R, CD2 or CD25, and B220lo H– or
B220lo Hdull cells (windows on the top) were analyzed for the expression of the third marker in each staining.
and no apparent defects in T cell development (Figure very few B220dull cells, most likely pre-B cells, were the
only B lineage cells present (Figure 1A). Analysis of bone1A; data not shown).
Numbers of mature B cells (IgMlow, IgDhigh) were se- marrow cells revealed that B cell development was com-
pletely arrested at the B220 pre-BCR (Hdull) (putativeverely reduced in the spleens of adult BASH mice,
whereas the number of immature B cells (IgMhigh, IgDlow) large pre-B) cell stage in the double mutants, but incom-
pletely arrested in BASH mice (Figures 1B and 1C). Ac-was only slightly lower, as previously reported (Jumaa
et al., 1999; Pappu et al., 1999; Hayashi et al., 2000; Xu cordingly,  (Figure 1B) and  (not shown) B cells were
virtually absent in the double mutants. These resultset al., 2000). By contrast, both subsets of B cells were
absent from the spleens of the double mutants, and a indicate that the leaky B cell development in BASH mice
Immunity
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is mediated by CD19, and therefore CD19 can partially Upon expression of pre-BCR, pre-B cells begin to
transmit pre-BCR signal promoting B cell development. divide rapidly and expand to form a large pre-B cell
Normally rare pre-BCR (Hdull) cells accumulated in population (Karasuyama et al., 1994). Among pro-/
BASH mice as previously indicated (Figures 1B and 1C; pre-B cells in the bone marrow of wild-type mice, non-
Hayashi et al., 2000). Similarly accumulated pre-BCR cycling small pre-B cells make up the majority of the
cells in the double mutants expressed pre-BCR even population, and the remaining pro-/large pre-B cells are
higher. This points to a contribution of CD19, additional mostly in cycle (Figure 2A, top). In contrast, dominating
to that of BASH, to the downregulation of pre-BCR ex- large pre-B cells in BASH mice were significantly less
pression, and thus provides evidence suggesting that cycling, and those in the double mutants were almost
pre-BCR signals its own extinction during the pre-B cell entirely noncycling (Figure 2A, middle and bottom, re-
transition. spectively). Therefore, BASH is crucial for pre-BCR in-
Other groups previously reported that B220 CD43high duced cell cycle progression of pre-B cells but CD19
cells accumulate in the bone marrow of the different partially complements this function. Thus, the accumu-
strains of BASH-deficient mice (Jumaa et al., 1999; lation of the pre-BCR cells in these mutants, despite
Pappu et al., 1999; Xu et al., 2000). However, we ob- their defects in cycling, seems to be due to their en-
served that the anti-CD43 antibody (S7) stained only hanced longevity given by the deregulated expression
weakly the pro-B cells of mice with B6 background, as of IL-7R as mentioned above (Figure 1D).
compared to those with Balb/c background (see Sup- In normal mice, the RAG2 protein level declines in
plemental Figure S2 at http://www.immunity.com/cgi/ the large pre-B cells when pre-BCR is expressed, and
content/full/18/6/825/DC1). Since the mice analyzed increases again after the cells differentiate into small
here have a mixed but B6-dominant background (95%, resting pre-B cells (Grawunder et al., 1995). The RAG2
as estimated by the incidence of IgHb/b allotype), we protein level in the pre-BCR cells in BASH mice was
could not assess the B cell developmental status by the equivalent to that in wild-type pro-B and small pre-B
CD43 expression. cells, and that in the double mutants was even higher
(Figure 2B). Thus pre-BCR signal is incapable of down-
Characterization of the Pre-BCR Cells in BASH regulating RAG2 expression in the absence of BASH.
and the Double Mutant Mice Despite the expression of RAG2 and RAG1 (data not
To determine the developmental stage of the pre-BCR shown), the frequency of Ig gene rearrangements re-
cells in the mutant mice, expression of other surface mained low in the pre-BCR cells of the BASH mice and
proteins on the bone marrow cells was analyzed by flow was even lower in the double mutants (Figure 2C). This
cytometry (Figure 1D). In wild-type mice, B220 H– roughly correlated to the levels of germline  transcripts:
fraction of bone marrow cells contains a minor pro-B such transcripts were far less expressed in the pre-
cell subset (CD2–, CD25–) and a major small pre-B cell BCR cells of the BASH mice than in wild-type cells
subset (CD2, CD25). In the same fraction of BASH containing mainly the small pre-B and pro-B cells, and
mice and the double mutants (R2 in Figure 1D), the small were almost undetectable in the pre-BCR cells of the
pre-B cells appeared to be rare, if any. The pre-BCR double mutants (Figure 2D). This indicates that RAG
(Hdull) cells (R1) in both mutant mice express much expression is insufficient for Ig rearrangement, and that
lower amounts of CD25 and CD2 than small pre-B cells transcriptional activation of the Ig gene locus, which
in wild-type mice. Therefore we suggest that these pre- is promoted by pre-BCR signaling through BASH and
BCR cells are arrested at the early phase of differentia- CD19, is necessary for it. This is consistent with previous
tion toward small pre-B cell stage. This indicates that observations that pre-BCR expression in pre-B cell lines
BASH is required for the process of the pre-B cell transi- induces Ig gene rearrangement (Reth et al., 1987; Igle-
tion. Notably, the pre-BCR cells express significantly sias et al., 1991), and that Ras signaling induces the
higher amounts of CD25 and CD2 than pro-B cells (R2)
same rearrangement in IgH chain-deficient mice (Shaw
in the same mice. This suggests that pre-BCR transmits
et al., 1999).
some signal that initiates early phase of the pre-B cell
transition independently of BASH and CD19. Pre-B cells
BASH Is Required for D Selectionunder the CD19-mediated leaky development in BASH
To determine whether BASH is involved in D selection,mice may be too rare to be identified in the pre-BCR
we first sequenced DHJH joints amplified from the geno-cells, although the leaked B cells in the same mice nor-
mic DNA of sorted pre-BCR pre-B cells taken frommally expressed CD2 and CD25 (data not shown).
wild-type, single-, and double mutant mice (Figure 3;Interestingly, the pre-BCR cells expressed IL-7R
Table 1). In the wild-type mice, DHJH joints containinghigher than the pro-B cells in these mutant mice, or than
a DH segment in RF2 were counter-selected (1/18). Inthe majority of the pre-B/pro-B cell fraction in wild-type
contrast, 9 of 17 and 10 of 16 DHJH joints from the singlemice (Figure 1D). Thus, we speculate that pre-BCR sig-
and double mutant mice, respectively, contained a DHnals upregulation of IL-7R independently of BASH, and
segment in RF2. These results indicate that D protein-BASH mediates the following downregulation of IL-7R
expressing pro-B cells had not been counter-selectedduring the pre-B cell transition. This hypothesis is con-
and had undergone VH to DHJH rearrangement on thesistent with the previous observation indicating that pre-
other allele. Indeed, single cell PCR analysis revealedBCR expression lowers the threshold for IL-7 response
the presence of the BASH mutant pre-BCR cells eachof pro-B cells (Fleming and Paige, 2001) and explains the
carrying a DHJH joint in RF2 on one allele and a functionalpuzzle of how the arrested pre-BCR cells accumulate in
VHDHJH joint on the other. The same analysis also showedBASH mice and the double mutants whereas pro-B cells
fail to survive in pre-BCR-deficient mice. that about half of the single cells carried VHDHJH joints
Distinct Signals for D and Pre-BCR Functions
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Figure 2. Cell Cycle, RAG2 Expression, and
Ig Gene Status of the Pre-B Cells of BASH
and the Double Mutant Mice
(A) Cell cycle analysis of pre-B cells.  
CD43– B220 cells were sorted from bone
marrows of the indicated mice by flow cytom-
etry, fixed, stained with propidium iodide (PI),
and analyzed for cell size by forward light-
scatter (left). Small (center panels) and large
(right panels) pre-B cells were electrically
separated (dotted line in the left panels; the
numbers are the percentages for such cells
of the pre-B cells), and analyzed for DNA con-
tents represented by PI staining. The percent-
ages for the cells in G0/G1 or S/G2/M (sepa-
rated by dotted line in center and right panels)
of each subset are denoted.
(B–D) IgM ( or ), IgM (Ig Ig B220),
and pre-BCR (  SL156) cells were
sorted from bone marrow cells of the indi-
cated mice by the MACS system. (B) Cell ly-
sates were subjected to Western blot analysis
with anti-RAG2 antibody (top), and the blot
was reprobed with anti--actin antibody as a
protein loading control (bottom). (C) DNAs from
the indicated cells were analyzed for the re-
arrangements of Ig (top) and IgH (bottom)
genes by PCR, followed by Southern blot hy-
bridization. V-J rearrangements were ampli-
fied with a universal Vprimer and a J5 primer
(top), and VH-JH rearrangements with a JH558
primer and a JH4 primer (bottom). (D) Expres-
sion of  germline transcripts and HPRT
mRNA was examined by RT-PCR using RNAs
from the indicated cells. The pre-BCR cells
were only positively purified in this assay.
Gels after ethidium bromide-staining were
shown.
containing a DH segment in RF2 (data not shown). VHDHJH was shown to cause developmental progression of
pro-B cells up to the early pre-B cell stage in RAG-joint sequences amplified from splenic B cells revealed
underrepresentation of those containing a DH segment deficient mice (Malynn et al., 2002), it is possible that,
in the absence of BASH, the development of the pre-in RF2 in the wild-type mice (3/27). In contrast, in BASH
mice about one-third (12/33) of the VHDHJH sequences BCR cells that had expressed the D protein may have
been accelerated.contained a DH segment in RF2 (see Supplemental Fig-
ure S3 at http://www.immunity.com/cgi/content/full/18/
6/825/DC1; Table 1). Taken together, these results Both BASH and CD19 Are Dispensable
for IgH Allelic Exclusionindicate that BASH is required for the signaling from D
protein complex mediating counter-selection of pro-B It was recently reported that the transgenic IgH chain-
mediated suppression of endogenous VH to DHJH re-cells.
The frequency of DHJH joints in RF2 was actually arrangement in pro-B cells is BASH independent and
that two IgM alleles are normally excluded in the BASH-greater than 33% in the bone marrow pre-B cells from
BASH mice and the double mutant mice (Figure 3). We deficient peripheral B cells (Xu et al., 2000). However, it
remained possible that a partial pre-BCR signal thathave not yet determined the reason for this overrepre-
sentation of RF2 DHJH joints. Since transgenic Dprotein induced the pre-B cell transition might be sufficient for
Immunity
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Figure 3. BASH Is Required for DH Reading Frame Selection
Nucleotide sequences of DHJH joints amplified from the bone marrow pre-BCR (– – SL156) cells of the indicated mice. Sequences of the
heptamer recombination signals (in small letters), DH segments, N or P nucleotides (in small letters), and 5 part of JH segments are separated
by spaces. Stop codons are underlined. Names and reading frames of the DH segments are indicated at the right end of each sequence.
IgH allelic exclusion in the BASH-deficient mice. The b H chain alleles were completely mutually exclusive
in the pre-B cells (Figure 4A, right). The  chains ex-accumulation of pre-BCRhigh pre-B cells in the double
mutant mice allowed us to analyze directly the status pressed by the pre-B cells of the double- as well as of
the single mutant mice were indeed the conventional of IgH allelic exclusion on the surface of the pre-B cells.
We generated BASH single- and BASH/CD19 double chains, but the D protein was absent (Figure 4B). These
results indicate that neither BASH nor CD19 is necessarymutant mice possessing both IgMa and IgMb alleles, and
examined the expression of the a and b H chains on for pre-BCR to signal IgH allelic exclusion.
bone marrow cells. The pre-B and B cells of the BASH
mice, like the wild-type B cells, expressed either a or Pre-B Cell Leukemia Develops in BASH
and the Double Mutant Miceb H chains but scarcely both (Figure 4A, middle and
left). Despite the complete inhibition of B cell develop- During the analyses of the mutant mice we occasionally
came across individuals with unusual B cells (Hdull H–).ment in the double mutant mice (see above), the a and
Distinct Signals for D and Pre-BCR Functions
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Table 1. DH RF Usage in DHJH and VHDHJH Joints
Number (%)
Joint Genotype Totala RF1 RF2 RF3
DHJHb Wild-type 18 10 (56) 1 (6) 7 (39)
BASH–/– 17 5 (29) 9 (53) 3 (18)
BASH–/CD19–/– 16 4 (25) 10 (63) 2 (13)
VHDHJHc Wild-type 27 20 (74) 3 (11) 4 (15)
BASH–/– 33 11 (33) 12 (36) 10 (30)
RF usage data are from Figures 3 and S3.
a Joints containing DQ52 segments are omitted.
b Amplified from bone marrow pre-BCR pre-B cells.
c Amplified from spleen Ig B cells.
This occurred in about 15% (5/34) of the double mutant VHJ558-JH1 and VHJ606-JH3 in DKO24), in contrast to the
random usage of VH family and JH segments in the Bmice and about 4% (3/84) of BASH mice. In such ani-
mals, spleens and lymph nodes were enlarged (Figure cells of wild-type mice. We established cell lines from
a bulk of bone marrow cells of several affected mice,5A), and 3- to 15-fold more B220 cells were present in
these tissues or in the blood than in wild-type mice (data and cloned one line from mouse DKO18 by limiting dilu-
tion. All the clones obtained were found to contain bothnot shown). Most of these B lineage cells were large
and expressed pre-BCR, but neither Ig nor H chain VHJ558-JH4 and VH7183-JH3 rearrangements but no DH-JH
(see Supplemental Figure S4 at http://www.immunity.(Figure 4B; data not shown). They were thus phenotypi-
cally equivalent to the pre-BCR cells in the bone mar- com/cgi/content/full/18/6/825/DC1). The fact that they
are monoclonal indicates that the pre-BCR cells accu-row of the unaffected mutant mice. The affected mice
were detected at as early as 4 weeks by blood cell mulating in the periphery of the mutant mice are most
probably leukemic cells derived from a bone marrowtyping; they occasionally developed huge lymphoid tu-
mors and grew weaker as they aged to around 4 months, pre-B cell. The development of pre-B cell leukemia im-
plies a role for BASH and CD19 as tumor suppressors,at which point they were sacrificed for analysis.
IgH gene rearrangement in the splenic cells of the as discussed below.
affected double mutant mice was analyzed by PCR us-
ing VH family-specific primers and a JH4 primer. As shown Discussion
in the two examples in Figure 5C, two major rearranged
VHDHJH genes were amplified from each of the affected We have shown that distinct signaling pathways are
mice (VHJ558-JH4 and VH7183-JH3 in mouse DKO18, and required for the pre-BCR-mediated pre-B cell transition
and IgH allelic exclusion, and for the D complex-medi-
ated D selection (Figure 6). Our results indicate that the
pre-B cell transition, including cell cycle progression,
downregulation of RAG2 protein and pre-BCR (perhaps
expression of VpreB and 5), and transcriptional activation
of Ig locus, is principally mediated by BASH, but can
also be inefficiently executed by CD19. The similar re-
dundancy of BASH and CD19 in the suppression of
pro-B cell leukemogenesis suggests that this tumor sup-
pression is due to the pre-BCR-mediated pre-B cell tran-
sition, perhaps together with the associated reduction
in RAG2 level. The redundant signal from CD19 may be
transmitted through Btk, because the similar block at the
pre-B cell transition was observed in BASH/Btk double
mutant mice, although this block was still incomplete
(Jumaa et al., 2001).
In contrast to the complete absence of B cell develop-
ment, IgH allelic exclusion was fully maintained in the
pre-B cells of BASH/CD19 double mutant mice. This
indicates that the pre-BCR signaling pathway that inhib-Figure 4. Normal IgH Allelic Exclusion in the Pre-B Cells of the Dou-
its VH to DHJH recombination is independent of BASH andble Mutant Mice
CD19, which is similar to what causes IL-7R upregulation(A) Expression of H chains of a and b allotypes on the bone
marrow cells from IgHa/b mice of the indicated genotypes. Only H and the initial differentiation to pre-B cells. The former
cells were electrically gated in the flow cytometry. Numbers indicate pathway has also been shown to be independent of the
the percentages of the H cells. Raf pathway (Iritani et al., 1999). Thus, elucidation of the
(B) Expression of H chain or D protein. Cell lysates of MACS- pre-BCR pathway that inhibits IgH gene rearrangement
sorted B220 cells from the bone marrow of the indicated mice, or
must await the examination of mice deficient for otherof pre-B cell line NFS-5 (H) and a pro-B cell line 300-19 (D) as
pre-BCR-signaling components. The fact that the pre-controls, were subjected to Western blot analysis with anti-H chain
antibody. B cells of the double mutants overexpress RAG2 protein
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Figure 5. BASH and the Double Mutant Mice Succumbed to Pre-B Cell Leukemia
(A) Spleens and lymph nodes from the affected BASH/ CD19/ mice and from wild-type mice.
(B) Flow cytometric analysis for the indicated surface antigens of splenic cells from the same type of mice as in (A). The numbers indicate
the percentages of the total lymphoid cells.
(C) PCR analysis for IgH rearrangements. DNAs from spleens of wild-type (WT) and the two affected BASH/CD19 double mutant mice (DKO18
and DKO24) were amplified with 5-primers specific for VHJ558, VH7183, VHQ52, and VHJ606 subfamilies, and for all DH segments, and 3-primer
specific for JH4. The products were electrophoresed and detected by Southern blot hybridization. Electrophoretic mobility of the products is
indicated by the name of the rearranged JH segments.
suggests that inhibition of IgH recombination in normal dependent on BASH while allelic exclusion is not. Since
Syk has been shown to be necessary for D selectionmice is not due to downregulation of the RAG proteins.
Perhaps molecule(s) activated by the unknown pre-BCR (Cheng et al., 1995), it is likely that Syk-phosphorylated
BASH recruits signaling molecules mediating D selec-signaling cascade may reduce the accessibility of the
DHJH-rearranged IgH gene to the recombination machin- tion. Since CD19 does not appear to complement BASH
in D selection, the D complex signaling mechanismery. This may be consistent with our data showing that
the pre-B cells from the single- and double mutant mice appears to be distinct also from the pre-BCR signaling
mechanism promoting the pre-B cell transition.do not express D protein at detectable levels (Figure
4B), although a substantial number of the cells should It was previously reported that transgenic expression
of a membrane-bound, but not a secreted form, of thecarry an allele with RF2 DHJH joints (Figure 3).
D selection has also been attributed to the inhibition H chain greatly reduced the incidence of precursor B
cell lymphomas in E-c-myc transgenic mice (Nussen-of VH to DHJH recombination (Ehlich et al., 1994; Tornberg
et al., 1998). The fact that membrane-bound complexes zweig et al., 1988). This may be due to accelerated devel-
opment of the susceptible pro-B cells to pre-B cells asconstituted of the IgH chains, SL chains, and Ig/Ig
are necessary for IgH allelic exclusion and for D selec- a result of the premature expression of pre-BCR. It is
thus possible that in normal mice pre-BCR functions totion has led to the view that the same signaling pathway
is responsible for both kinds of the inhibition (Gu et al., reduce the incidence of pro-B cell transformation by
rescuing the cells from the stage that is genetically un-1991; Kitamura and Rajewsky, 1992; Loffert et al., 1996;
Papavasiliou et al., 1995a, 1995b; Gong et al., 1996). stable due to the DNA-breaking activity of RAG proteins
(Ferguson and Alt, 2001). The leukemogenesis in BASHIt is surprising, therefore, to find that D selection is
Distinct Signals for D and Pre-BCR Functions
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Figure 6. A Model for Pre-BCR and D Com-
plex Signaling Pathways Involving BASH and
CD19
Three signal pathways from pre-BCR and D
complex differentially required for distinct
cellular responses. (1) A pre-BCR signal path-
way leading to cell cycle progression, down-
regulation of RAG, pre-BCR, and IL-7R,
upregulation of CD25 and CD2, activation of
Ig locus, and tumor suppression, requires
BASH, whose function is partially substituted
by CD19. Ras-Raf pathway is involved in this
pathway, at least partly. (2) Pre-BCR signal
pathway leading to IgH allelic exclusion, up-
regulation of IL-7R, and initial differentiation,
does not require BASH or CD19. (3) D com-
plex signaling for D selection, in which Syk
and BASH are essential.
(A7R34), CD2 (RM2-5), and CD25 (PC61.5) were from eBioscience;and the double mutant mice suggests a role for these
FITC-goat-anti-, FITC-goat-anti-, FITC-, or PE-goat-anti-IgM (Hpre-BCR signaling molecules as novel types of tumor
chain specific) or anti-IgD (H) were from Southern Biotechnologysuppressors acting at this particular stage of B cell de- Associates; Biotin-goat-anti-IgM (H) was from Cappel. mAb
velopment. Since leukemogenesis has not been detected against pre-BCR complex (biotin-SL156, Winkler et al., 1995) was
in mice lacking H or SL chains, pre-BCR-dependent, provided by H. Karasuyama. For Western blot analysis, rabbit anti-
mouse RAG2 antibody was purchased from BD ParMingen; goatBASH/CD19-independent signal pathway must be re-
anti-actin (C-11) antibody was from Santa Cruz Biotechnology; andsponsible for the leukemogenesis. Perhaps such a path-
Biotin-goat-anti-mouseH was from Southern Biotechnology Asso-way is the one that upregulates IL-7R and confers sur-
ciates.
vival advantage on pre-B cells in the absence of BASH
and CD19 (Figure 1D). Thus, pre-BCR might act as a Flow Cytometry and Cell Cycle Analysis
Flow cytometry, cell sorting, and cell cycle analysis were performeddouble-edged sword in leukemogenesis, which would
as described (Hayashi et al., 2000), except that biotin-conjugatedconfer longevity on the genetically unstable pre-B cells
antibodies were detected by streptavidin (SA)-conjugated Cy-without the BASH/CD19-mediated downregulation of
Chrome (Southern Biotechnology Associates). Only the cells within
RAGs and IL-7R. Finally, the recent finding of Syk kinase the lymphocyte gate defined by forward and side light-scatter pa-
deficiencies resulting from aberrant mRNA splicing in rameters were analyzed.
human pro-B cell acute lymphoblastic leukemias under-
Magnetic Cell Sortingscores the importance of the tumor-suppressing role of
Cells were purified by magnetic cell sorting using the MACS systemthe pre-BCR signaling in humans (Goodman et al., 2001).
(Miltenyi biotec) as follows, unless otherwise noticed. To purify pre-
BCR pre-B cells, bone marrow cells were depleted of B cells byExperimental Procedures
staining with FITC-anti- and FITC-anti- antibodies, and magnetic
beads-conjugated anti-FITC antibody, followed by passage through
Mice
MS columns. The unbound cells were stained with biotin-SL156
BASH-deficient mice were generated by targeted disruption of antibody and SA-conjugated magnetic beads. The cells bound to
BASH loci in C57BL/6-derived ES cells (Bruce-4; Kontgen et al., the MS column were used as pre-BCR pre-B cells. IgM B cells
1993) with the same vector as described (Hayashi et al., 2000). were purified from bone marrows and spleens by staining with FITC-
Homologous recombination event at the BASH locus in the selected anti- and FITC-anti- antibodies and the anti-FITC-magnetic
ES cell clones was confirmed by Southern blotting (data not shown). beads, followed by the MS-column positive selection. To purify IgM–
The BASH-deficient mice were crossed with CD19-deficient mice pre-B cells of wild-type mice, bone marrow cells were depleted of
(Rickert et al., 1995). The resultant littermates were analyzed in the IgM-expressing B cells as above. The unbound cells were stained
experiments. with magnetic beads-conjugated anti-B220 antibody. The cells
bound to the MS column were used as IgM– pre-B cells. Purity of
Antibodies these cells was more than 90%, which was assessed by B220 stain-
For flow cytometry, the following antibodies were used: FITC-conju- ing and flow cytometry, except for wild-type pre-BCR cells (70%).
gated monoclonal antibodies (mAbs) against CD3 (145-2C11),
CD43 (S7), CD19 (1D3), or IgMa (DS-1), and PE-conjugated mAbs Analyses of Immunoglobulin Gene Rearrangements
against B220/CD45R (RA3-6B2) or IgMb (AF6-78) were purchased IgH and Ig gene rearrangements were analyzed as previously de-
scribed (Schlissel et al., 1991; Schlissel and Baltimore, 1989) withfrom BD PharMingen; PE-conjugated mAbs against anti-IL-7R
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